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,QWURGXFWLRQ
0DVRQU\ZDOOVPDGHRI$$&EORFNVZLWKWKLQMRLQVDQGXQILOOHGKHDGMRLQWVDUHFKDUDFWHULVHGZLWKYHU\ORZFUDFN
UHVLVWDQFH0RUHRYHUGHVLJQDQGH[HFXWLRQDOHUURUVHPSKDVLVH WKHSUREOHPRIXQERXQG MRLQWZKHUHYHUWLFDOFUDFN
LQLWLDWHV 7KDW LV ZK\ VROXWLRQV DUH EHLQJ VRXJKW ZKLFK ZRXOG DOORZ WR LQFUHDVH FUDFNLQJ UHVLVWDQFH RI H[LVWLQJ
EXLOGLQJVPDGHLQ$$&WHFKQRORJ\2QHRIWKHVROXWLRQVLVVXSHUILFLDOVWUHQJWKHQLQJZLWKFDUERQRUJODVVODPLQDWHV
7KHWHVWVRQWKHVXSHUILFLDOVWUHQJWKHQLQJKDYHEHHQFRQGXFWHGZRUOGZLGHIRUPDQ\\HDUV7KHILUVWWRSUHVHQWWKH
DGYDQWDJHVRIDSSOLFDWLRQRIVXSHUILFLDO VWUHQJWKHQLQJRIZDOOVZLWK)53 ODPLQDWHVZDV6FKZHJOHU >@)ROORZLQJ
UHVHDUFKHUV>@FRQILUPHGWKDWVXFKH[WHUQDOVWUHQJWKHQLQJLQFUHDVHVUHVLVWDQFHRIWKHVWUHQJWKHQHGPDVRQU\ZDOOV
%HFDXVHRIKLJKPDWHULDOFRVWVORFDOLVHGUHLQIRUFHPHQWLVDGYLVHG7KDWLVZK\LWLVDFUXFLDOWDVNWRGHWHUPLQHWKH
ORFDWLRQDQGGLUHFWLRQRIDFWLRQRIWKHVWULSVWUHQJWKHQLQJYHUWLFDOKRUL]RQWDORUGLDJRQDO$QRWKHUDSSURDFKLVWR
DSSO\VWUHQJWKHQLQJZLWKORZHUVWUHQJWKSDUDPHWHUV±FKHDSHUEXWDSSOLHGRQWKHZKROHDUHDRIWKHZDOOVXUIDFH5HVXOWV
RIWKHWHVWVDUHQRWXQHTXLYRFDO6RPHUHVHDUFKHUVSURYHWKDWGLDJRQDOUHLQIRUFHPHQWLVWKHPRVWHIIHFWLYH>@2WKHUV
VXJJHVW WKDW WKH EHVW HIIHFWV FDQ EH DFKLHYHGZLWK VWUHQJWKHQLQJ RI WKHZKROH VXUIDFH >@ 7KLV VXEMHFW KDV EHHQ
LQYHVWLJDWHGDWWKH6LOHVLDQ8QLYHUVLW\RI7HFKQRORJ\7KHWHVWVKDYHEHHQFRQGXFWHGRQWKHHIIHFWLYHQHVVRIVXSHUILFLDO
VWUHQJWKHQLQJ RI PDVRQU\ ZDOOV > @ 7KLV SDSHU GLVFXVVHV WKH HIIHFWLYHQHVV RI GLIIHUHQW IRUPV RI VXSHUILFLDO
VWUHQJWKHQLQJRIPDVRQU\ZDOOVZLWKKLJKVWUHQJWKODPLQDWHVRQWKHFUDFNUHVLVWDQFHRIWKHVHZDOOV
7HVWSURJUDPDQGWHFKQLTXH
7HVWVSHFLPHQVZHUHPDGHRI$$&EORFNVRIDXWRFODYHGDHUDWHGFRQFUHWHZLWKWKLQMRLQWVDQGXQILOOHGKHDGMRLQWV
VKDSHDQGGLPHQVLRQVRIDVLQJOH$$&EORFNLVVKRZQLQ)LJD'HQVLW\RI$&&EORFNVZDVHTXDOWRUQ NJP
DQGFRPSUHVVLYHVWUHQJWKZDVIE 1PP&RPSUHVVLYHVWUHQJWKRIWKHDSSOLHGWKLQEHGPRUWDUZDVHTXDOWRIP
 1PP7KHRYHUDOOGLPHQVLRQVRIDOO WHVW VSHFLPHQVZHUH LGHQWLFDODQGHTXDO WRîîPP±VHH
)LJE

D

E F G

)LJ6KDSHDQGGLPHQVLRQVIRUD$$&EORFNEWHVWHGVSHFLPHQVF*)53ZRYHQPHVKG*)53ZRYHQPHVKXVLQJLQSODVWHUZRUNV
$FFRUGLQJ WR WKH WHVWLQJ VFRSH RQH W\SH RI VXSHUILFLDO VWUHQJWKHQLQJZDV VWUHQJWKHQLQJ XVLQJ*)53 VWULSV LQ
YHUWLFDOGLUHFWLRQDQGRQHW\SHZDVVWUHQJWKHQLQJXVLQJSODVWHUPHVK7KHILUVWW\SHRIVWUHQJWKHQLQJPDWHULDOXVHG
ZDV*)53ZRYHQPHVKZLWKWKHPRGXOXVRIHODVWLFLW\RIN1PPDQGPDVVRIJP)LJF*)53VWULSV
ZLWKWKHZLGWKRIPPZHUHJOXHGZLWKWKHUHVLQHSR[\JOXH:KHQLWFRPHVWRPHVKSODVWHULQJWKHPHVKZDV
IL[HG WRERWKVLGHVRI WKHZKROH ODWHUDO VXUIDFHRI WKHZDOOHWWH*5)3PHVKZLWKJDX]HZHDYHVDQGPHVKVL]HRI
îPPZDVXVHG,WVZHLJKWZDVJP)LJF
7KUHHVHULHVRIWHVWVSHFLPHQVZHUHH[HFXWHGHDFKRIFRPSRQHQWV
x XQVWUHQJWKHQPDVRQU\ZDOOHWWHV±UHIHUHQFHPRGHOV±16VHULHV)LJD
x PDVRQU\ZDOOHWWHVZLWKVWUHQJWKHQLQJVWULSVLQYHUWLFDOGLUHFWLRQ±9*VHULHV)LJE
x PDVRQU\ZDOOHWWHVZLWKFRPSOHWHELODWHUDOVWUHQJWKHQLQJ±'6VHULHV)LJF

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D E

F

)LJ7HVWVSHFLPHQVSUHSDUHGIRUWHVWLQJD16VHULHVE9*VHULHVF'6VHULHV
7HVWVSHFLPHQVZHUHVXEMHFWHGWRGLDJRQDOFRPSUHVVLRQ7KHWHVWVWDQGZDVSUHSDUHGDQGWKHWHVWVZHUHSHUIRUPHG
DFFRUGLQJWRWKHUHFRPPHQGDWLRQVRI5,/(0/80%,QGXFWLYH/'97JDXJHVZHUHSODFHGRQERWKVLGHVXUIDFHV
RIWKHZDOODORQJERWKGLDJRQDOVWRUHFRUGYHUWLFDODQGKRUL]RQWDOGLVSODFHPHQWVPHDVXUHGWRWKHDFFXUDF\RI
PP
5HVXOWVDQGGLVFXVVLRQ
3.1. Modes of failure  
8QVWUHQJWKHQZDOOV16VHULHVZHUHGDPDJHGYHU\UDSLGO\E\IRUPDWLRQRIDGLDJRQDOFUDFNLQUHODWLRQWRWKH
FRUUHFWDOLJQPHQWRIWKHZDOO7KHILUVWFUDFNZDVDIDLOXUHFUDFN7KHFUDFNUDQWKURXJKWKHXQILOOHGKHDGMRLQWVDQG
PDVRQU\XQLWVDQGLWVWKLFNQHVVDOZD\VH[FHHGHGPP)LJDVKRZVWKHSDWWHUQRIFUDFNVDWIDLOXUHDQGWKHFUDFNJDS
DSSHDULQJDWIDLOXUHXVLQJWKH16ZDOODVDQH[DPSOH&RPSOHWHO\GLIIHUHQWFUDFNLQJSDWWHUQZDVREVHUYHGGXULQJ
WKH WHVWVRI VWUHQJWKHQHGPDVRQU\ZDOOHWV )LJEF ,QFDVHRI ORFDOO\ VWUHQJWKHQHGZDOOHWV YHUWLFDO VWULSV9*
VHULHVILUVWFUDFNVDSSHDUHGDWWKHMRLQWZLWKWKHVWUHQJWKHQLQJ$QLQFUHDVHRIORDGLQJFDXVHGDQLQFUHDVHLQWKHFUDFN
ZLGWKDQGSURSDJDWLRQRIGDPDJHWRZDUGVWKHXQILOOHGYHUWLFDOMRLQW7KHILQDOSKDVHRIWKHWHVW±UHJDUGHGDVDIDLOXUH
RIWKHHOHPHQW±ZDVGHODPLQDWLRQRIWKHVWULSZLWKDSDUWRIWKHPDVRQU\WKLVORFDWLRQLVPDUNHGZLWKGDUNHUFRORXU
LQ)LJE6PHDUHGFUDFNVZHUHREVHUYHGRQWKHVXUIDFHVRI'6VHULHVZKLFKUDQSHUSHQGLFXODUO\WRWKHGLDJRQDO
7KHVHFUDFNVUDQDFURVVPDVRQU\HOHPHQWVILOOHGEHGMRLQWVDQGXQILOOHGKHDGMRLQWV$QLQFUHDVHLQWKHORDGLQGXFHG
DQLQFUHDVHLQWKHZLGWKRIWKHH[LVWLQJFUDFNV/DWHURQORFDOSHHORIIRIWKHPHVKIURPWKHZDOOVXUIDFHZDVREVHUYHG
7KHVHORFDWLRQVDUHLQGLFDWHGLQ)LJFZLWKVKDGLQJ

D

E F
)LJ0RGHVRIIDLOXUHIRUVWUHQJWKHQHGPRGHOVD16D9*E'6
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3.2. State of cracking and ultimate stresses 
'XULQJODERUDWRU\WHVWVWKHFRPSUHVVLYHIRUFHDQGGLVSODFHPHQWVZHUHUHFRUGHGPHDVXUHGZLWKLQGXFWLYHJDXJHV
7DEOHVKRZVWKHYDOXHVRIFUDFNLQJVWUHVVHVĲFUDQGWKHPD[LPXPVKHDUVWUHVVHVĲPD[

7DEOH9DOXHVRIFDOFXODWHGVKHDUVWUHVVHVDWFUDFNLQJDQGDWIDLOXUH
6SHFLPHQ 16 16 16 16 16 16 9* 9* 9* 9* 9* 9* '6 '6 '6 '6 '6 '6
ĲFU                  
ĲFUPY   
ĲPD[                  
ĲPD[PY   

7KHILUVWFUDFN LQXQUHLQIRUFHGZDOOHWWHVZDVD IDLOXUHFUDFN0HDQFUDFNLQJVWUHVVHVHTXDO WR03DZHUH
WKHUHIRUHPHDQVWUHVVHVDW IDLOXUH$OPRVWLQFUHDVH LQ WKHYDOXHRI WKHPHDQFUDFNLQJVWUHVVZDVREVHUYHG LQ
VWUHQJWKHQHGZDOOHWWHVFRPSDULQJWRXQVWUHQJWKHQRQHV0DVRQU\ZDOOHWWHVZLWKVXSHUILFLDOVWUHQJWKHQLQJZHUHDEOH
WRSURSHUO\FDUU\IXUWKHUORDGLQJDIWHUWKHILUVWFUDFNRFFXUUHG7KHPHDQPD[LPXPVWUHVVRIWKHZDOOHWWHVVWUHQJWKHQHG
ZLWKWKHVWULSV9*VHULHVZDVHTXDOWRRIWKHPHDQFUDFNLQJVWUHVVLQHDFKVHULHV(YHQJUHDWHULQFUHDVHLQ
ORDGEHDULQJFDSDFLW\ZDVREVHUYHGLQWKHZDOOHWWHVRI'6VHULHVZDOOHWWHVHQWLUHO\VWUHQJWKHQHGRQERWKVLGHVZKHUH
WKLVYDOXHZDV$SSOLFDWLRQRIVXSHUILFLDOVWUHQJWKHQLQJZLWKVWULSVOHGWRLQFUHDVHLQORDGEHDULQJFDSDFLW\
ZKLOHVWUHQJWKHQLQJRIWKHZKROHVXUIDFHSURYLGHGDVPXFKDVRIWKHORDGEHDULQJFDSDFLW\LQFUHDVHLQFRPSDULVRQ
WRWKHZDOOHWWHVZLWKRXWVWUHQJWKHQLQJ
3.3. Deformability of masonry walls 
'HIRUPDELOLW\RIWKHZDOOVPDGHRI$$&EORFNVZLWKWKLQMRLQWVLVGHWHUPLQHGRQWKHEDVLVRILQSODQHGHIRUPDELOLW\
SDUDPHWHUVREWDLQHGIURPYHUWLFDODQGKRUL]RQWDOGLVSODFHPHQWVPHDVXUHGZLWKLQGXFWLRQJDXJHV7KHREWDLQHGYDOXHV
ZHUH XVHG WR GHWHUPLQH QRQGLODWDWLRQDO VWUDLQ DQJOHV LQ WKH LQSODLQ VWLIIQHVV RI PDVRQU\ ZDOOHWWHV VXEMHFWHG WR
GLDJRQDOFRPSUHVVLRQ7DEOHVKRZVWKHGHWHUPLQHGYDOXHVRIQRQGLODWDWLRQDOVWUDLQDQJOHVLQSODQHVKHDUVWUDLQV
ERWKDWWKHPRPHQWRIFUDFNLQJDQGDWWKHPD[LPXPVWUHVVLQDOOWHVWHGVSHFLPHQV
7DEOH&DOFXODWHGYDOXHVRIQRQGLODWDWLRQDOVWUDLQDQJOHVDWFUDFNLQJDQGDWIDLOXUH
6SHFLPHQ 16 16 16 16 16 16 9* 9* 9* 9* 9* 9* '6 '6 '6 '6 '6 '6
șFU                  
șFUPY   
șĲPD[                  
șĲPD[PY   

7KH YDOXH RI WKH QRQGLODWDWLRQDO VWUDLQ DQJOH RI UHIHUHQFH ZDOOHWWHV 16 VHULHV ZDV VOLJKWO\ KLJKHU WKDQ LQ
VWUHQJWKHQHGZDOOHWWHV9*DQG'6VHULHV$W WKHPRPHQWRI IDLOXUHRI WKHVWUHQJWKHQHGPDVRQU\ZDOOHWWHVQRQ
GLODWDWLRQDOVWUDLQDQJOHVZHUHYHU\KLJKDQGUDQJHGIURPWRPUDGIRU9*VHULHVDQGIURPWRPUDG
IRU'6VHULHV&RPSDULQJWKHVHYDOXHVZLWKWKHDYHUDJHQRQGLODWDWLRQDOVWUDLQDQJOHRIWKHXQVWUHQJWKHQZDOOVZKLFK
ZDVșFU PUDG LWFDQEHFRQFOXGHGWKDW WKHXVHRIVWUHQJWKHQLQJDOORZVIRUPXFKODUJHUGHIRUPDWLRQVRI WKH
VWUXFWXUH,WZDVDOVRREVHUYHGGXULQJWKHWHVWWKDWWKHPHVKLIXVHGDIWHUWKHILUVWFUDFNVDSSHDUSURWHFWVWKHZDOOIURP
VXGGHQHVFDODWLRQRIFUDFNV
879 Iwona Galman /  Procedia Engineering  161 ( 2016 )  875 – 880 
,Q RUGHU WR EHWWHU LOOXVWUDWH WKH EHKDYLRXU RI WHVWHG VSHFLPHQV GLDJUDPV )LJ  ZHUH SUHSDUHG VKRZLQJ WKH
UHODWLRQVKLSEHWZHHQWKHQRQGLODWDWLRQDOVWUDLQDQJOHVDQGVKHDUVWUHVVHV,QFDVHRIXQVWUHQJWKHQPDVRQU\ZDOOHWWHV
WKHĲ±șUHODWLRQVKLSLVSUDFWLFDOO\OLQHDUXQWLOIDLOXUH'HIRUPDWLRQLQFUHDVHVSURSRUWLRQDOO\WRWKHDSSOLHGIRUFH8QWLO
WKH DSSHDUDQFH RI WKH ILUVW FUDFNV VWUHQJWKHQHG ZDOOHWWHV 9* DQG'6 VHULHV EHKDYHG LQ WKH VDPH ZD\ DV WKH
XQVWUHQJWKHQZDOOHWWHV OLQHDU UHODWLRQVKLSEHWZHHQĲ±ș7KRURXJKFRPSDULVRQRI WKLVSKDVHRIZRUNRIDOO WHVWHG
HOHPHQWVHQODUJHGSDUWRIWKHGLDJUDPLQ)LJEVKRZVRQO\VOLJKWO\JUHDWHUVWLIIQHVVRIWKHVWUHQJWKHQHGZDOOHWV
ZLWKUHVSHFWWRWKHXQVWUHQJWKHQRQHV

 
)LJD&RPSDULVRQRIĲ±șUHODWLRQVKLSIRUDOOWHVWHGHOHPHQWV )LJEHQODUJHGSDUWRIGLDJUDPIRU
16VHULHV
7KHDSSHDUDQFHRIFUDFNVLQWKHVWUHQJWKHQHGZDOOHWVGRHVQRWVLJQLI\IDLOXUHEHFDXVHWKHLQFUHDVHRIGHIRUPDWLRQ
LVDFFRPSDQLHGZLWKJUDGXDOLQYROYHPHQWRIH[WHUQDOUHLQIRUFHPHQW*)537KXVWKHUHLVDVHFWLRQLQWKHGLDJUDP
VLPLODU WR SODVWLFLVDWLRQ ,Q FDVH RI9* VHULHV D VWUHVV LQFUHDVH FDQ EH REVHUYHGZKHQ WKH VKHDU VWUDLQ ș UHDFKHV
DSSUR[LPDWHO\ WKH YDOXH RI PPP ZKLFK UHSUHVHQWV WKH SURFHVV RI PRGHO VWUHQJWKHQLQJ 7KLV SURYHV WKH
VWUHQJWKHQLQJHIIHFWDVVXPLQJWKHFUDFNLQJVWUHVVHVDQGFRQVHTXHQWO\IXUWKHUZRUNRIWKH*)53VWULSVWKHPVHOYHV
7KLVFRQWLQXHVXQWLOWKHVWDWHRIWRWDOIDLOXUH,QWKHODVWSKDVHRIZRUNRIWKHVSHFLPHQVDIODWWHQLQJRIWKHGLDJUDPFDQ
EHREVHUYHGFRUUHVSRQGLQJWRJUDGXDOIDLOXUHRIWKHMRLQWEHWZHHQWKHVWULSDQGWKHZDOOHWRUDVDUHVXOWRIRSHQLQJRI
DGLDJRQDOFUDFN,QFDVHRI'6VHULHVDIWHUWKHILUVWFUDFNWKHJUDSKKDVDQDOPRVWIODWVHFWLRQVLPLODUWRSODVWLFLVDWLRQ
:KHQWKHYDOXHRIDQJOHșUHDFKHVPUDGDQLQFUHDVHRIVKHDUGLDJRQDOWHQVLOHVWUHVVFDQEHREVHUYHGPRGHO
VWUHQJWKHQLQJ7KLVDOVRSURYHVWKHHIIHFWRIVWUHQJWKHQLQJZKLFKFRQWLQXHVXQWLOWKHILQDOIDLOXUH6LPLODUO\LQWKH
ODVWSKDVHRIZRUNRIWKHVSHFLPHQVWKHUHLVIODWWHQLQJRIWKHJUDSKZKLFKFRUUHVSRQGVWRWKHJUDGXDOIDLOXUHRIWKH
MRLQWEHWZHHQWKHPHVKDQGWKHZDOOV
6XPPDU\DQGFRQFOXVLRQ
7KHSDSHUSUHVHQWVWKHUHVXOWVRIODERUDWRU\WHVWVDQGDQDO\VLVRIWKHEHKDYLRXURIWKHZDOOVPDGHRI$$&EORFNV
VXEMHFWHGWRGLDJRQDOFRPSUHVVLRQ$WRWDORIVSHFLPHQVZHUHWHVWHGJURXSHGLQWKUHHVHULHVHOHPHQWVZLWKRXW
VWUHQJWKHQLQJ16ZLWKVXSHUILFLDOVWUHQJWKHQLQJRQKHDGMRLQWV9*DQGZLWKVXSHUILFLDOVWUHQJWKHQLQJRQWKHZKROH
VXUIDFHRIWKHZDOOHW'67KHVWXG\DLPHGDWHYDOXDWLQJWKHHIIHFWLYHQHVVRIVXSHUILFLDOVWUHQJWKHQLQJZLWK*5)3
PDWV%RWKW\SHVRIVXSHUILFLDOVWUHQJWKHQLQJKDYHDSRVLWLYHLQIOXHQFHRQWKHPHFKDQLFDOSURSHUWLHVRIWKHPDVRQU\
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ZDOOVDQGWKHEHKDYLRXURIWKHVWUXFWXUHZKHQVXEMHFWHGWRORDGVVLPLODULQQDWXUHWRWKHPRYHPHQWVRIWKHJURXQG
%DVHGRQWKHUHVXOWVRIWKHODERUDWRU\WHVWVWKHIROORZLQJFRQFOXVLRQVFRXOGKDYHEHHQGUDZQ
x VXSHUILFLDOVWUHQJWKHQLQJRIWKH$$&PDVRQU\ZDOOHWWHVKDVVKRZQWKHLUPXOWLSKDVHZRUNLQFRQWUDVWWRWKH
XQVWUHQJWKHQVSHFLPHQVZKHUHWKHDSSHDUDQFHRIWKHILUVWFUDFNZDVHTXLYDOHQWWRIDLOXUH
x DVLJQLILFDQWLQFUHDVHRIWKHXOWLPDWHIRUFHRIWKHVWUHQJWKHQHGZDOOHWWHVZDVREVHUYHG7KHORDGEHDULQJFDSDFLW\
RIWKHVSHFLPHQVVWUHQJWKHQHGZLWKVWULSVZDVDQGRIWKHRQHVVWUHQJWKHQHGRQWKHZKROHVXUIDFHZDVFD
KLJKHUWKDQRIWKHUHIHUHQFHHOHPHQWV
x VWUHQJWKHQLQJRIWKHZKROHVXUIDFHZLWKZHDNHUPDWHULDOLVPRUHHIIHFWLYHWKDQORFDOVWUHQJWKHQLQJZLWKD
VWURQJHUPDWHULDO
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